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SECTION  I 
INTRODUCTION 

In  the  last  few  years  there  has  been  intense  interest  in  the  rare 
gas  halide  lasers  because  they  have  been  shown  to  have  the  potential  for 
high-efficiency,  scalability  to  large  volumes  and  high  power  levels,  and 
transmission  through  the  atmosphere.  The  optimization  of  lasing  performance 
and  the  scaling  to  large  systems  requires  a kinetic  model  of  the  rare  gas 
halogen  system  which  incorporates  the  relevant  mechanisms  for  the  excitation 
and  destruction  of  the  upper  and  lower  laser  levels.  There  has  been  con- 
siderable experimental  and  theoretical  investigation  of  the  possible  kinetic 
mechanisms  leading  to  the  formation  of  the  electronically  excited  upper 
state.  However,  very  little  information  on  the  radiative  lifetime  of  the 
upper  state  or  the  rate  constants  for  destruction  processes  has  emerged.  As 
a result,  it  is  difficult  to  estimate  the  saturation  flux  or  to  optimize 
gas  mixtures  as  a function  of  total  pressure. 

The  goal  of  this  program  is  to  measure  both  the  radiative  lifetime 
and  the  collisiona'i  quenching  rate  coefficients  for  the  XeF  and  KrF  upper 
laser  levels.  Our  approach  is  to  excite  a fraction  of  the  ground  state 
molecules  in  a cell  using  a short-pulse  XeF  or  KrF  laser.  The  ground  state 
molecules  are  prepared  by  flash  dissociating  a mixture  of  F2  and  either 
Xe  or  Kr  plus  a monatomic  diluent  and  then  allowing  the  molecular  XeF  to 
come  to  equilibrium  with  the  free  atom  densities.  The  sequence  of  reactions 
for  XeF  is  as  follows:  |\ 


F2  + hv  -*■  2F 


Xe  + F + M - XeF  + M 
XeF  [x(2)|  + hv  - XeF*  [bQ- 

XeF*  [ b(1)J  xeF  fx(^)]  + hv 


This  approach  has  the  advantage  over  discharge  and  electron  beam  techniques 
that  there  will  be  no  residual  excited  atomic  states  formed  that  can  inter- 
fere with  the  subsequent  fluorescence  decay  measurement.  In  addition,  by 
selecting  the  wavelength  of  the  XeF  laser,  it  is  possible  to  excite  only 
specific  vibrational  levels  of  the  B(l/2)  upper  laser  level  and  to  follow 
the  subsequent  decay  of  this  specific  state  without  interference. 
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SECTION  II 
EXPERIMENT 
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2.1  Photolysis  Cell  and  Gas  Handling 


r 

i 

< 


A schematic  diagram  showing  the  experimental  arrangement  is  presented 
in  Figure  1.  The  photolysis  cell  is  constructed  from  quartz  tubing  with 
four  UV-grade  quartz  windows  arranged  in  a cross  configuration.  The  cell 
is  mounted  inside  a double  ellipsoidal  aluminum  reflector  with  the  long  arm 
of  the  cross  located  on  the  common  axis  of  the  two  ellipses.  Two  linear 
flashlamps  are  located  on  the  other  axes  of  the  ellipses,  one  above  and  one 
below  the  plane  of  the  cross.  The  exciting  laser  beam  traverses  the  cell 
parallel  to  the  flashlamps,  while  the  fluorescence  is  viewed  perpendicular 
to  the  exciting  beam  through  a window  on  the  cell.  The  cell  is  evacuated 
by  an  oil  diffusion  pump  equipped  with  an  anti-creep,  liquid  nitrogen  cooled 
baffle.  Gas  samples  are  introduced  to  the  cell  through  a high  purity  stain- 
less steel  manifold  which  was  passivated  with  F2  before  use. 
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Gas  mixtures  for  the  experiment  are  made  up  on  a separate  diffusion 
pumped  manifold  and  then  transferred  to  the  photolysis  cell  apparatus  in 
stainless  steel  bottles  equipped  with  demountable  high  vacuum  fittings. 

This  high  purity  manifold,  which  was  previously  used  for  preparing  XeF  and 
KrF  laser  gas  mixtures,  has  been  enlarged  so  that  up  to  six  gas  mixtures 
can  be  prepared  simultaneously.  It  has  also  been  equipped  with  demountable 
high  vacuum  fittings  utilizing  metal  gaskets  so  that  the  bottles  containing 
the  mixtures  to  be  photolyzed  can  be  removed  and  transferred  to  the  high 
vacuum  manifold  connected  to  the  photolysis  cell.  The  inertness  of  the 
manifold  was  checked  by  making  up  Ar  + F2  mixtures  and  then  verifying  the 
nominal  F2  concentration  using  vacuum  ultraviolet  absorption. 


XeF 


Figure  1.  Schematic  diagram  of  the  laser  induced  fluorescence  experiment. 
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2.2  Flashlamps 

The  flashlamps  originally  chosen  for  these  experiments  (Xenon  N-734C) 
have  a spectral  distribution  which  peaks  in  the  region  of  the  continu- 
ous absorption  band  at  2800  K.  The  flashlamps  are  connected  in  series  elec- 
trically and  triggered  by  applying  a voltage  higher  than  the  anode  to 
cathode  breakdown  potential.  The  power  supply  consists  of  a 2-pF  capacitor 
controlled  by  a triggered  spark  gap  which  delivers  approximately  50  J to 
each  lamp  for  a charge  voltage  of  10  kV.  Care  has  been  taken  in  the  design 
of  the  flashlamp  circuit  to  minimize  the  inductance  in  order  to  maximize 
the  UV  light  output.  The  capacitor,  spark  gap,  and  cable  assembly  contribute 
approximately  125  nH  to  the  circuit  inductance,  while  the  loop  containing 
the  two  flashlamps  in  series  contributes  about  300  nH.  This  results  in  a 
circuit  time  constant  r = /CC  ~ 1 psec,  which  should  beabout  one-third  of 
the  electrical  pulse  width.  Oscilloscope  traces  showing  the  time  history 
of  the  current  through  the  flashlamps  and  the  light  output  at  3500  A are 
presented  in  Figure  2. 

Using  the  calibration  of  the  vacuum  photodiode  (ITT  F4000  S-5)  and 
taking  into  account  the  appropriate  geometric  factors,  it  is  possible  to 
estimate  the  time-integrated  photon  flux  emitted  by  the  flashlamps.  This 
procedure  yields  a value  of  20  mJ/cm  radiated  in  a 10 0 R interval  centered 

O 

at  3500  A for  a peak  current  of  5 kA  through  the  flashlamps.  This  corre- 

O 

sponds  to  a time-integrated  photon  flux  of  3.5  x 1016  photons/cm/100  A.  For 
optically  thin  conditions,  which  will  apply  in  this  experiment,  the  dissoci- 
ation fraction  [F]/2[F2]  is  independent  of  the  F2  concentration  and  is 
given  by 


1 IEL- 

2TF2] 


ct(v)  <p ( v )dv 
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FLASHLAMP  CURRENT 
t-1  kA/div 


[*-l  psec/d 


FLASHLAMP 
RADIATION 
X = 3500  A 


|<—  1 psec/div 


Figure  2 


Oscilloscope  traces  of  flashlamp  current  and  light  output 
at  3500  A.  The  capacitor  charge  voltage  was  10  kV,  cor- 
responding to  an  energy  of  50  J/lamp.  The  current  was 
measured  with  a Pearson  probe  and  the  flashlamp  radiation 
was  detected  with  a vacuum  photodiode. 


where  ct(v)  is  the  F2  absorption  cross  section  and  4>(v)  is  the  time- 
integrated  photon  flux  from  the  flashlamp.  If  it  is  assumed  that  the  light 
is  uniformly  reimaged  throughout  the  2-cm  diameter  cell,  then  the  flux 
density  in  the  cell  will  be  approximately  1 x 1016  photons/cm2/100  & (the 
light  flux  density  has  been  doubled  because  there  are  two  flashlamps). 
Assuming  that  this  flux  density  is  constant  from  2500  & to  3500  A and  using 
an  average  absorption  cross  section  for  F2  of  10~2°  cm2,  the  fraction  of  F^ 
dissociated  is  estimated  to  be  about  10~3. 

However,  at  this  energy  loading  (50  J/lamp),  the  flashlamps  failed 
after  approximately  100  shots.  We  then  changed  our  capacitor  to  0.1  yF 
and  reduced  the  energy  loading  to  25  J/lamp;  under  these  conditions,  the 
new  lamps  survived  for  several  hundred  shots  without  failure.  We  have 
subsequently  switched  to  another  manufacturer's  lamp  (ILC  403)  with  the 
same  arc  length  and  have  obtained  reliable  operation  at  energy  loadings  up 
to  100  J/lamp.  The  current  through  these  lamps  is  slightly  underdamped  with 
a full  width  at  half  maximum  of  2.5  ysec  and  a peak  value  of  11  kA.  This 
has  resulted  in  higher  UV  output  and  a larger  F2  dissociation  fraction. 

Since  there  is  evidence  that  suggests  that  the  UV  light  output  occurs 
mainly  during  the  first  few  hundred  nanoseconds  of  the  flashj  we  shortened 
our  current  pulse  in  an  effort  to  increase  the  UV  output.  This  was  accom- 
plished by  changing  the  2-yF  capacitor  to  0.1  yF  and  using  higher  charge 
voltages  to  keep  the  energy  loading  high.  This  shortened  the  current  pulse 
to  approximately  600  nsec,  but  the  waveform  became  severely  underdamped. 

The  UV  output  at  2300  $ and  2800  ft  was  monitored  relative  to  that  at  3500  A 
for  both  capacitors.  While  the  absolute  UV  output  did  not  increase  when  the 

o 

0.1-yF  capacitor  was  used,  the  UV  output  relative  to  that  at  3500  A did 
increase,  resulting  in  an  increase  in  the  efficiency  of  UV  production.  How- 
ever, since  the  absolute  UV  output  must  be  maximized  for  these  experiments, 
we  have  used  the  2-yF  capacitor  with  an  energy  loading  of  100  J/lamp. 
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2.3  XeF  Laser 

The  Xef7  "laser  used  in  this  work  is  a Blumlein-driven  discharge  laser 
equipped  with  a flashboard  preionization  circuit.  The  UV  light  from  the 
flashboard  creates  enough  ionization  in  the  gas  to  prevent  arc  formation  at 
the  higher  pressures  needed  to  obtain  a short  laser  pulse.  Photodiode 
measurements  indicate  that  the  UV  output  from  the  flashboard  reaches  a maxi- 
mum at  approximately  200  to  300  nsec  after  initiation.  Optimum  performance 
of  the  XeF  laser  is  obtained  by  firing  the  main  discharge  at  the  peak  of 
the  UV  preionization  pulse. 

O 

In  our  preliminary  experiments,  the  scattered  light  levels  at  3511  A, 
and  3533  A were  found  to  be  extremely  high.  This  problem  was  alleviated  by 
inserting  a grating  in  the  XeF  laser  cavity.  The  grating  was  tuned  so  that 
the  laser  operated  at  3511  & [XeF  (B(l/2)v'=0-*-X(l/2)v"=2)]  while  the 
spectrometer  was  tuned  to  3533  K [XeF(B(l/2)v,=0+  X(l/2)v"  =3)].  It  was 
still  necessary  to  take  careful  precautions  to  keep  3511  * scattered  laser 
light  from  entering  the  spectrometer  with  the  relatively  wide  slits  used  in 
these  experiments.  A schematic  diagram  of  the 'optical  layout  that  gave  the 
best  results  is  shown  in  Figure  3.  The  highly  divergent  and  poorly  defined 
XeF  laser  beam  is  brought  to  a focus  by  the  first  lens  ( f = 30  cm).  A slit 
is  placed  at  the  focus  to  remove  all  but  the  most  intense  portion  of  the  beam. 
The  slit  was  sized  just  larger  than  the  burn  pattern  made  on  blackened 
Polaroid  film.  The  second  lens  ( f = 1 0 cm)  then  refocuses  the  laser  inside 
the  photolysis  cell.  Several  other  apertures,  both  on  the  laser  beam  and 
the  viewing  optics,  were  found  to  be  useful  in  minimizing  the  scattered  light. 

With  the  cavity  formed  by  the  grating  and  a 60  percent  transmission 
curved  mirror  and  with  a He  + 1%  Xe  + 0.3%  NF3  gas  mix  at  1 atm,  the  XeF  laser 
pulse  had  a full  width  at  half  maximum  of  15  to  20  nsec  with  a long  fall 
time.  Efforts  to  shorten  the  decay  of  the  laser  pulse  by  operating  this  gas 
mixture  at  higher  pressure  were  not  successful  because  arcing  occuri • d in 
the  discharge.  However,  it  was  found  possible  to  shorten  the  laser  pulse  by 
replacing  the  60  percent  transmission  curved  mirror  with  an  uncoated  fused 
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Figure  3.  Schematic  diagram  of  the  optical  setup  for  the  laser  induced  fluorescence  experiment. 
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silica  flat.  The  pulse  could  be  shortened  a little  more  by  slightly  mis- 
aligning the  fused  silica  flat.  The  pulse  energy  with  this  configuration  was 
3 to  4 mJ. 

Better  results  were  obtained  by  switching  to  He  + 1%  Xe  + 0.5%  F 2 
gas  mixtures  at  pressures  of  1.7  to  2 atm.  The  laser  pulse  duration  is 
longer  than  with  NF^  mixtures,  but  the  fall  time  is  shorter.  The  output 
energy  was  about  10  to  15  mJ  with  a pulse  duration  of  10  nsec  (FWHM)  and  a 
fall  time  (0-100%)  about  the  same.  Mixtures  containing  higher  F2  concen- 
trations (up  to  2 percent)  were  also  tried;  however,  they  decreased  the 
pulse  energy  without  substantially  shortening  the  laser  decay  time. 

2. 4 Detector 

The  detection  scheme  for  the  XeF  fluorescence  consists  of  a 0.25  m 
Jarrel-Ash  spectrometer  to  provide  wavelength  selection,  followed  by  a 
1P28  photomultiplier.  The  temporal  profile  of  the  exciting  laser  is  moni- 
tored by  placing  a fused  silica  flat  in  the  beam  after  it  leaves  the 
fluorescence  cell  and  reflecting  a few  percent  of  the  laser  light  onto  a 

vacuum  photodiode  (ITT  F4000  S5).  The  photomultiplier  and  photodiode  re- 
sponses are  then  displayed  on  a Tektronix  7844  oscilloscope  (t  ~ 1 nsec) 
and  photographed  on  Polaroid  film.  Severe  electrical  noise  generated  by 
the  Blumlein  laser  discharge  and  rail  switch  were  picked  up  by  the  photo- 
multiplier and  photodiode  even  though  they  each  had  shielded  housings.  This 
problem  was  alleviated  by  enclosing  the  entire  Blumlein  laser  in  a frame 
covered  by  two  layers  of  brass  screen.  It  was  also  necessary  to  place  a 
second  shielded  enclosure  around  the  photomultiplier  and  the  photodiode,  to 
place  their  power  supplies  in  the  screen  box  with  the  oscilloscope,  and  to 
use  doubly-shielded  connecting  cables  between  the  screen  box  and  the  detec- 
tors. After  all  these  measures  were  implemented,  electrical  noise  was  no 
longer  a problem  even  on  the  most  sensitive  oscilloscope  scale  (5  mV). 


■ ^ 


The  time  response  of  the  photomultiplier  and  tube  base  assembly  was 
checked  by  setting  the  spectrometer  to  view  the  scattered  laser  light  at 
3511  A and  comparing  the  photomultiplier  output  with  that  of  the  vacuum 
photodiode.  The  ITT  F4000  S5  vacuum  photodiode  has  a rise  time  of  0.5  nsec 
and  a fall  time  of  0.8  nsec  which  is  fast  enough  to  faithfully  reproduce 
the  laser  temporal  profile.  The  first  photomultiplier  tried  was  an  RCA 
C31034  with  a commercially  wired  tube  base  and  housing  (Products  for 
Research  Model  PR-2200-RF).  According  to  the  manufacturer,  this  photomultiplier 
has  a risetime  of  2.5  nsec  or  less.  The  tube  did  reproduce  the  rise  of 
the  laser  pulse  accurately;  however,  the  fall  was  considerably  longer  than 
the  photodiode  and  showed  evidence  of  ringing.  An  RCA  1P28  photomultiplier 
(tr  < 2 nsec)  with  a tube  base  and  housing  constructed  in  our  laboratory 
was  evaluated  next.  This  tube  had  a faster  fall  time  than  the  C31034  but 
still  considerably  slower  than  the  photodiode.  It  also  exhibited  abrupt 
declines  in  output  current  at  high  signal  levels  in  spite  of  the  fact  that 
the  last  few  dynodes  had  large  bypass  capacitors. 

These  difficulties  were  eliminated  by  removing  the  phenolic  base 
from  the  1P28  and  soldering  the  pins  directly  to  a low  inductance  tube 
base  constructed  on  printed  circuit  board  as  described  by  Lytle.  Accord- 
ing to  Lytle,  a 1P28  with  a tube  base  wired  in  this  manner  exhibits  a rise 
time  of  1.4  nsec  and  a fall  time  of  3.7  nsec.  Figure  4 presents  oscillo- 
scope traces  comparing  the  photodiode  and  1P28  responses  to  scattered  laser 
light.  The  photomultiplier  is  slighly  slower  than  the  photodiode  on  the 
fall  of  the  pulse,  but  the  overall  reproduction  is  quite  accurate.  The 
1P28  output  remained  linear  up  to  currents  of  approximately  100  mA.  At 
higher  output  currents,  saturation  effects  were  apparent;  however,  there 
was  no  evidence  of  the  abrupt  declines  in  signal  observed  previously,  even 
when  the  tube  was  heavily  saturated. 
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Figure  4.  Oscilloscope  traces  comparing  the  vacuum  photodiode 
(ITT  F400D  S5)  and  photomultiplier  (RCA  1P28)  to  th< 
' XeF  laser  emission.  The  1P28  photomultiplier  was 
equipped  with  a low  inductance  base  as  described  in 
the  text.  The  1 P 28 , although  slightly  slower  than 
the  photodiode,  quite  accurately  reproduces  the 
XeF  laser  pulse. 
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SECTION  III 
RESULTS 

O 

Oscilloscope  traces  showing  fluorescence  emission  at  3533  A from  gas 
mixtures  containing  He  + 6.6%  Xe  + 0.13%  F2  at  total  pressures  of  760  and 
500  torr  are  shown  in  Figure  5.  The  total  input  energy  to  the  flashlamps  was 
200  J,  and  the  time  delay  between  the  photolysis  flash  and  the  exciting  laser 
was  0.5  msec.  We  have  been  able  to  obtain  fluorescence  signals  at  delays 
ranging  from  0.1  to  5 msec,  although  the  maximum  fluorescence  signals  were 
obtained  with  delays  of  0.2  to  0.5  msec.  No  fluorescence  signal  was  ob- 
tained unless  both  the  flashlamps  and  the  XeF  laser  were  fired  in  combina- 
tion. Two  blank  mixtures  were  also  utilized  to  verify  that  the  fluorescence 
was  from  XeF*;  Xe  was  omitted  from  one  mixture,  while  F2  was  omitted  from 
the  other.  Neither  of  these  mixtures  produced  any  fluorescence  emission. 

An  attempt  was  made  to  increase  the  fluorescence  emission  signal  by 
flash  dissociating  XeF2  to  form  XeF  molecules  directly.  XeF2  has  a weak 
absorption  band  peaked  at  approximately  2300  & with  a maximum  cross  section 
of  about  2 x 10"1’  cm2.  If  this  absorption  band  is  continuous,  then 
every  dissociation  yields  an  XeF  molecule  directly  rather  than  converting 
a small  equilibrium  fraction  of  the  F atoms  formed  from  F^  dissociation 
into  XeF.  We  tried  XeF2,  both  by  itself  at  pressures  of  1 to  3 torr  and 
also  at  3 torr  with  100  torr  of  He  diluent.  Fluorescence  was  obtained,  but 
it  was  considerably  weaker  than  that  obtained  with  He  + Xe  + F2  mixtures. 

The  fluorescence  signal  obtained  was  so  weak  that  the  time  history  suffered 
severe  distortion  due  to  statistical  fluctuations  because  too  few  photo- 
electrons were  produced  within  the  photomultiplier  resolving  time  (~  3 nsec). 
The  weak  fluorescence  is  probably  due  to  the  poor  overlap  of  the  flashlamp 
spectral  distribution  with  the  short  wavelength  absorption  of  XeF^. 


SnS 


Figure  5.  XeF  fluorescence  at  3533  A for  a He  + 

4%  Xe  + 0.13%  F?  gas  mixture  at  total 
pressures  of  (a)  760  torr  and  (b)  500 
torr.  The  photodiode  response  to  the 
XeF  laser  emissions  precedes  the  photo- 
multiplier response  to  the  fluorescence 
due  to  the  transit  time  of  the  electrons 
in  the  photomultiplier. 
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It  is  apparent  from  Figure  5 that  the  exciting  laser  pulse  is  not 
short  compared  to  the  fluorescence  decay.  Primarily  for  this  reason  a semi- 
log plot  of  the  fluorescence  decay  does  not  fit  a straight  line,  indicating 
an  exponential  decay,  but  shows  evidence  of  a changing  slope.  In  order  to 
obtain  the  decay  constant  for  the  fluorescence,  it  is  necessary  to  take 


into  account  the  exciting  laser  pulse.  The  differential  equation  describing 


the  production  and  loss  of  XeF*  is 
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$£  [XeF*]  = P(t)  - [XeF*]  + £ kqi  Qi)  = P(t)  - T[XeF*] 

where  P(t)  is  the  exciting  laser  pulse  and  T = + £ k • Qi  is  the 

tr  .•  qi 

effective  decay  constant  for  the  XeF*.  This  equation  has  the  solution 

[XeF  (t)]  = e"rt  f1  P(T)eFT  dT 
•'0 

The  most  straightforward  way  to  obtain  r from  the  fluorescence  decay  is  to 
obtain  an  initial  estimate  of  F from  a semi-log  plot  of  the  fluorescence 
emission  as  a function  of  time.  This  value  of  T is  used  to  numerically 
evaluate  the  above  integral  and  the  resulting  calculated  decay  compared 
with  the  measured  decay.  This  process  is  repeated  until  a r is  obtained 
which  gives  a good  fit  to  the  experimental  data.  We  are  presently  writing 
a simple  computer  program  to  evaluate  this  integral. 


SECTION  IV 
SUMMARY 


By  flash  photolyzing  mixtures  of  Xe  and  F^  diluted  in  Ar  and  He,  we 
have  obtained  state  selective,  laser-induced  fluorescence  from  the 
B ( 1 /2 ) v ' = 0 ->  X(l/2)v"  = 3 transition  of  XeF.  The  mixtures  utilized 
thus  far  yield  decay  time  consants,  which  contain  contributions  both  from 
quenching  and  radiative  decay,  of  less  than  10  nsec.  These  decays  are 
not  long  compared  to  the  exciting  laser  pulse  so  that  the  observed  decay 
is  the  convolution  of  the  exciting  laser  pulse  with  the  radiative  and 
colli  si onal  decay.  We  are  writing  a simple  computer  program  to  do  this 
convolution  so  that  an  accurate  value  of  the  decay  constant  can  be  extrac- 
ted from  the  observed  fluorescence  decay.  By  measuring  the  decay  constant 
as  a function  of  concentration  of  each  species  in  the  mixtures,  both  the 
rate  coefficient  for  quenching  by  that  species  and  the  radiative  lifetime 
of  the  XeF[B(l/2)v 1 = 0]  state  can  be  obtained. 
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